Leukemia inhibitory factor (LIF) receptor is a cell surface receptor that mediates the actions of LIF and other IL-6 type cytokines through the formation of high-affinity signaling complexes with gp130. Here we present the crystal structure of a complex of mouse LIF receptor with human LIF at 4.0 Å resolution. The structure is, to date, the largest cytokine receptor fragment determined by x-ray crystallography. The binding of LIF to its receptor via the central Ig-like domain is unlike other cytokine receptor complexes that bind ligand predominantly through their cytokine-binding modules. This structure, in combination with previous crystallographic studies, also provides a structural template to understand the formation and orientation of the high-affinity signaling complex between LIF, LIF receptor, and gp130.
Leukemia inhibitory factor (LIF) receptor is a cell surface receptor that mediates the actions of LIF and other IL-6 type cytokines through the formation of high-affinity signaling complexes with gp130. Here we present the crystal structure of a complex of mouse LIF receptor with human LIF at 4.0 Å resolution. The structure is, to date, the largest cytokine receptor fragment determined by x-ray crystallography. The binding of LIF to its receptor via the central Ig-like domain is unlike other cytokine receptor complexes that bind ligand predominantly through their cytokine-binding modules. This structure, in combination with previous crystallographic studies, also provides a structural template to understand the formation and orientation of the high-affinity signaling complex between LIF, LIF receptor, and gp130.
gp130 ͉ IL-6 family ͉ signaling L eukemia inhibitory factor (LIF) is a pleiotropic cytokine that acts on many cell types including embryonic stem cells, megakaryocytes, osteoblasts, and neuronal cells (1) . On the surface of these responsive cells, LIF first binds to the LIF receptor (LIFR) with low nanomolar affinity and then to gp130 to form a high-affinity (picomolar) functional signaling complex (2) (3) (4) . The nonredundant functional importance of both LIF and LIFR has been demonstrated by gene knockout experiments in mice, with the ligand and receptor showing different phenotypes. Deletion of the LIF gene results principally in female infertility due to a failure of blastocyst implantation (5) . The LIFR deletion, however, is more severe, causing perinatal lethal placental, skeletal, neural, and metabolic defects (6) . The severity of the LIFR deletion reflects the fact that it (along with gp130) is required for signaling by many cytokines, including oncostatin M (OSM), ciliary neurotrophic factor, novel neurotrophin-1/cardiotrophin-like cytokine (NNT-1/CLC), and cardiotrophin-1 (CT-1).
Signaling by this family of cytokines can occur in two ways depending on the receptors used. Cytokines such as IL-6 and IL-11 signal through the formation of a hexameric complex with gp130 and a cytokine-specific nonsignaling receptor subunit (e.g., the [gp130:IL-6:IL-6R␣] 2 complex) (7) . On the other hand, LIF and related cytokines bind both gp130 and a second signaling receptor, such as LIFR or OSM receptor (OSMR), to form a trimeric complex (e.g., the LIF:LIFR:gp130 complex). In complexes of the second type some cytokines, such as ciliary neurotrophic factor, bind an additional nonsignaling receptor subunit (8) .
Upon ligand-induced dimerization of the two receptor signaling chains, signal transduction occurs through activation of noncovalently associated Janus tyrosine kinases (Jaks), which are able to phosphorylate the cytoplasmic domains of gp130 and LIFR and thus recruit and activate the STAT family of transcription factors. STAT homo-or heterodimers translocate to the nucleus enabling them to regulate the transcription of a specific set of target genes (9, 10).
Sequence analysis indicates that the LIFR has an extracellular region with a modular structure containing two cytokine-binding modules (CBM) separated by an Ig-like domain and followed by three membrane-proximal fibronectin type-III (FNIII) domains (Fig. 1C) . These FNIII domains both position the receptor on the cell surface and assist formation of the signaling complex through correct orientation of the receptor for activation (11) . Mutagenesis studies have highlighted residues in both the LIF (12) and LIFR (13, 14) that are important for binding; however, a unique feature of the LIF:LIFR system is an unusual human-:mouse species cross-reactivity that occurs despite high sequence identity between their ligands and receptors (78% and 76%, respectively). The binding and biological activity of mouse LIF (mLIF) is species restricted, whereas human LIF (hLIF) is able to bind both human and mouse receptors with high affinity (15) . Here we describe the structure of the first five domains of mLIFR ( Fig. 1) in complex with hLIF. The structure illustrates the unique binding arrangement between LIF and the Ig-domain of LIFR, aids in understanding species cross-reactivity and provides a structural template for modeling the high-affinity signaling complex between LIF:LIFR:gp130.
Results and Discussion
Overall Structure. For structural studies we expressed the first 5 extracellular domains of mouse LIFR (D1-D5 or CBM1-Ig-CBM2) and crystals of this fragment with human LIF contained two structurally similar but independent complexes. Despite the modest resolution of the data, a number of factors contributed significantly to the quality of the electron density maps, allowing clear placement of residues 1-180 of hLIF and 7-486 of mLIFR (see Materials and Methods). The extracellular fragment of mLIFR adopts an extended zigzag conformation (Ϸ160 Å long and 56 Å wide) with the distinct domains lying in approximately the same plane (Fig. 1) . In CBM1 (residues 7-202), the D1 and D2 domains are connected by a short linker and are at an angle of 80°. The D1 domain (residues 7-82) contains conserved disulfide bonds between Cys-10-Cys-20 and Cys-37-Cys-45 and is notably smaller than the corresponding domains from both gp130 and IL-6R␣ (16, 17) , due to shorter connecting ␤-strands (and a potential small N-terminal truncation of five to six residues). Superposition of LIFR D1 on these two structures results in a rmsd for C␣ atoms of 1.82 Å and 1.95 Å, respectively. The D2 domain shows greater structural similarity to the corresponding CBM domains of both gp130 and IL-6R␣ because it contains conserved structural features like the WSXWS motif, and the rmsd values for C␣ atoms are 1.45 Å and 1.40 Å, respectively.
Following a short looped-out linker (residues 198-205), the Ig-like domain packs across the end of the D2 domain in a T-junction and is slightly twisted out of the plane of CBM1. Loops from the end of D2 form a relatively flat, hydrophobic interface with one sheet of the Ig-domain (residues 203-283). Central to this interface, there is an interdomain disulfide bond between Cys-165 and Cys-222 that is likely to fix the relative orientations of the D2 and Ig-like domains [supporting information (SI) Fig. 5B ]. The positioning of this disulfide bond is unambiguous, despite weak density, as each cysteine is located near well defined N-linked glycosylation sites (Asn-156 and Asn-218). The weak density may be attributable to significant radiation damage during data collection. At the C-terminal end of the Ig-like domain there is no hinge and the polypeptide runs directly into D4 CBM2 (residues 284-380). These two domains lie collinearly with each other in an orientation similar to the first two domains of gp130 but larger loops in both domains of LIFR provide added rigidity for this interface (Fig. 1) .
CBM2 is similar in size to the CBMs from other receptors with a characteristic angle of 74°between the D4 (residues 284-380) and D5 domains (residues 389-486). It contains conserved disulfide bonds in the D4 domain between Cys-293-Cys-303 and in D5 between Cys-418-Cys-463. CBM2 shares Ϸ20% sequence identity with the gp130 CBM and can be superposed with an rmsd of 1.88 Å for C␣ atoms. However, conformational differences do occur between the two cytokine-binding modules, but are restricted mainly to the loop regions with the core secondary structure being well maintained.
Crystals of hLIF:mLIFR contained a dimer of complexes in the asymmetric unit where the predominant interactions occur between the N-terminal segments of two hLIF molecules, which were disordered in previous crystal and NMR structures of both human and mouse LIF (16, 18, 19) . Additional dimer contacts occur between the D5 domains of NCS related mLIFR molecules. The presence of a hLIF:mLIFR dimer was unexpected because the formation of a 1:1 complex in solution has been previously demonstrated by native gel, cross linking, gel filtration, and sedimentation equilibrium analysis (3) as well as multiangle light scattering (16) . The crystal packing also suggests that the dimer is likely to have little biological significance. In the dimer, hLIF and LIFR D3-5 form a closed loop, with two symmetry-related dimers linked in what could be described as magician's rings (SI Fig. 6 ); this would be highly inconsistent with a preformed dimer in solution and supports our argument that the dimer is a crystallization artifact.
Receptor:Ligand Interface. The interface between hLIF and mLIFR is saddle-shaped, comprising 22 residues from the ligand and 25 from the receptor and burying a total of 1,890 Å 2 of accessible surface area (Fig. 2) . The ligand, hLIF, interacts via loops at one end of the four-helix bundle (site III, burying 945 Å 2 ), whereas the receptor's contact region is predominantly formed from one sheet of the Ig-like domain (885 Å 2 ), with the remainder coming from the N-terminal loops of D4 (residues 314-316 and 337-338, 160 Å 2 ). Using the shape correlation statistic, S c , to quantify interface complementarity (20) , the value for hLIF:mLIFR is 0.70, consistent with a biologically relevant interaction.
Partial alanine scanning mutagenesis of hLIF identified Pro-51, Lys-153, Phe-156, and Lys-159 as important in LIFR binding with Phe-156 and Lys-159 mutations having the most dramatic impact (12) . These two residues lie at the centre of the hLIF interface ( Fig. 2) with Lys-159 surrounded by a hydrophobic patch containing Pro-51, Phe-52, Leu-59, Phe-156, Val-155, and Leu-104. The lysine side chain is tightly packed and hydrogen bonded to Ser-262 and Asn-265 which are both conserved in mammalian LIFR sequences. Although there is no compensating charge for Lys-159, the effects of the buried charge may be mitigated by the dipole from helix A. A significant hydrophobic interaction is made by a -stacking arrangement of the Phe-156 side chain against the peptide bond of Gly-276 of mLIFR. The position of Phe-156 is maintained by interactions with Phe-52 and Leu-59 of hLIF and the phenyl ring sits between Asn-265, Ile-267, Val-274, and Val-278 on the receptor's ␤-sheet. Important putative hydrogen bonding interactions also occur toward the edge of the hydrophobic patch, including carbonyl groups of hLIF residues 48 and 50 with Asn-265 of mLIFR, and Lys-160 with Asp-273. Lys-153 of hLIF lies near the conserved Asp-210 of mLIFR and its side chain is partially enclosed by the D2/D3 link. Phe-52 has yet to be mutated in previous studies, but its proximity to Pro-51, a cis proline in all structures of LIF, suggest that it is likely to play a similar role to Pro-106 in hGH (21) and maintain a binding conformation for the Phe-52 loop. Pro-51 also makes favorable contacts to Ile-267 in the mLIFR Ig-like domain.
The association described for hLIF with mLIFR is quite unlike the primary binding of IL-6 to IL-6R␣ or IL-6 and LIF to gp130. Yet, it is reminiscent of the contact of IL-6 with the Ig-like domain of gp130 in the IL-6:IL-6R␣:gp130 hexameric complex (7) (Fig. 3 A and D) . For IL-6, this third receptor contact is crucial for signaling but it is not the major contributor to ligand binding. In the hLIF:mLIFR complex; however, the contact is more extensive (Fig. 3 C and E) with the loop between helices B and C (residues 103-108) interacting with an insert into the mLIFR Ig-like domain (residues 260-263) and two larger loops on domain D4 (Fig. 3E) . Interactions include Pro-51 with Val-314 and the peptide bond of Glu-338, Ile-103 with Pro-316 and a putative hydrogen bond between Ser-107 and Glu-338 (Fig. 2 ). An additional hydrogen bonded interaction between Asn-105 and Ser-262 is not conserved interspecies because Ser-262 is a leucine in the human Ig-domain.
Species Cross-Reactivity. An unusual species cross-reactivity exists between human and mouse LIF and LIFR complexes despite Ͼ70% of the interface residues being conserved. The highest affinity complex is between hLIF and mLIFR with an affinity (equilibrium dissociation constant, K D ) of Ϸ10-46 pM, one to two orders of magnitude higher than hLIF:hLIFR complex (300-900 pM) and mLIF:mLIFR complex (K D of 1-4 nM). Interestingly, mLIF cannot bind to hLIFR, or at least does so with very low affinity (15) . Mapping the sequence differences onto the structure, it is clear that interactions at the center of the interface are maintained and that each difference appears to independently destabilize the structure of hLIF:mLIFR described here.
Mutation of six residues in mLIF to their human equivalent Glu57Asp, Thr107Ser, Gln112His, Val113Ser, Ala155Val, and Arg158Lys restores both binding to hLIFR and signaling activities comparable to hLIF (22) . Of these residues, only Ser-107 and Val-155 are in direct contact with the receptor, with Val-155 improving the hydrophobic packing. Asp-57 and Lys-158 lie adjacent to interface residues and may slightly perturb them via the main chain, as could Ser-113, which appears to modify the start of the C helix by possibly replacing a main chain hydrogen bond.
Between mLIFR and hLIFR, there are 31 amino acid differences in the Ig-like domain (SI Fig. 7) , and almost all of these are conservative hydrophobic changes to the Ig-domain core. In contrast, mLIFR:hLIFR mutations Gln233Leu, Asn236His, and Asn261Ser at the periphery of the interface would cause the loss of two to three hydrogen bonds to conserved LIF residues (Asn-55, Asn-54, and Ser/Thr-107, respectively) and contribute to the differences in the strength of interactions. Asp273Asn would mean the loss of a salt link, although the hydrogen bond would be maintained.
Other Ligands for LIFR. Like LIF, CT-1 and OSM have the ability to induce signaling through the LIFR:gp130 complex. The significantly lower affinity of OSM for LIFR suggests that formation of a functional signaling complex occurs through OSM first forming a low-affinity gp130 complex before recruiting LIFR or OSMR to form a high affinity signaling complex (14, 23) . Sequence alignment of LIF, CT-1, and OSM (SI Fig. 8 ) demonstrates that Phe-156 and Lys-159 in LIF are conserved in all of the ligands, whereas Pro-51 and Phe-52 are conserved in both CT-1 and LIF, and Phe-52 appears to be structurally replaced by a Leu-40 in OSM. Further differences between alternate ligands also occur through interaction of ligands with the D3/D4 region, although a similar to that observed for LIF:LIFR appears plausible.
Signaling Complex Model. The formation of hLIF:mLIFR represents the first step toward cell signaling, and an interaction with the shared gp130 receptor is required to form a high-affinity signaling complex. The crystal structures, previously described, for unliganded gp130 (D2-D3) (24) and gp130 (D2-D3) in complex with hLIF (16) show minor conformational differences and gp130 can be superposed with an rmsd of 0.69 Å for C␣ atoms. The hLIF:gp130 (D2-D3) complex (16) can also be superposed with the larger IL-6:gp130 (D1-D3) complex (7), giving an rmsd for gp130 of 0.84 Å. This finding illustrates that these receptor modules are fairly rigid structures, with negligible conformational changes occurring even upon ligand binding. Therefore, we now have structural templates to produce a highly accurate model of the hLIF:mLIFR:gp130 complex (Fig.  4) , using a combination of our hLIF:mLIFR and available gp130 structures. The modeled complex has a buried surface of Ϸ3,500 Å 2 with a contribution of Ϸ1,850 Å 2 from the gp130:hLIF interface and Ϸ1,750 Å 2 from the hLIF:mLIFR interface. Additional buried surface would also be expected through interaction between the membrane proximal FNIII domains. This large buried surface would be consistent with the very high affinity dissociation constant of the complex, although discreet hotspots are likely to provide the majority of the binding free energy through specific interactions.
Positioning of the membrane proximal FNIII domains from both receptors would be at present quite speculative. Currently, the only structural information on the tall family of cytokine receptors is from recent EM reconstructions of human gp130:IL-6:IL-6R␣ and murine gp130:IL-11:IL-11R␣ receptor complexes, which highlight the interaction between two gp130 D6 domains (25, 26) . In contrast, experiments using chimeric receptors indicate that the interaction of D5 of gp130 with D7 of LIFR occurs in the formation of a functional LIF:LIFR:gp130 signaling complex (11) . Further structural studies of the full-length complexes will be therefore be required to unambiguously determine the arrangement of the membrane proximal ''legs'' on the cell surface.
Conclusion
For the four-helix cytokine:receptor complexes whose structures have been determined, the primary ligand binding interaction is usually via a cytokine-binding module (site I). In forming a signaling complex, a second CBM is sometimes used, as occurs in the growth hormone/prolactin system (site II). Although gp130 also uses a CBM to bind ligands at site II, it and a number of other cytokine receptors (e.g., leptin receptor, G-CSF receptor) also use an Ig-like domain to make a further contact with the ligand (site III) to form the signaling complex. In the LIF: LIFR:gp130 complex, the roles are reversed. More extensive site III contacts are formed between LIF and LIFR that comprise predominantly the Ig-like domain and loops of CBM2 in a noncanonical manner. To form the signaling complex, gp130 binds LIF via its CBM, and there is possibly another contact between FNIII domains nearer the membrane.
Thus in the IL-6 family, cytokines can generate signaling complexes in two ways. For IL-6, IL-11, CT-1, or ciliary neurotrophic factor, the cytokine binds a CBM from its specific, nonsignaling receptor via site I, and then binds two gp130 molecules via sites II and III to initiate activation. For LIF or OSM, only two sites are needed, with the cytokine binding the Ig-like domain of LIFR (or OSMR) via site III and the gp130 CBM via site II. The similarity in the interaction between gp130 (Ig):IL-6 and LIFR:LIF suggest an evolutionary link between binding modes and, although the type of interaction has been reused, the size of the interface has been modified for tighter or weaker binding as required.
Materials and Methods
Purification of Recombinant LIF and LIF Receptor. Purified recombinant hLIF expressed in Escherichia coli was kindly provided by Zenyth Therapeutics (Melbourne, Australia). Recombinant mLIFR was purified from the conditioned medium of Chinese Hamster Ovary cell line CHO-K1 transfected with the construct pCHO1/mLIFR. This construct encodes the extracellular domains D1-D5 of mLIFR (residues 7-486, mature peptide) with an Nterminal IL-3 secretion signal and FLAG epitope (DYKDDDDK). Transfected CHO-K1 cells were grown in a fermentation apparatus with a working volume of 1.6 liters (Celligen Plus fermenter, New Brunswick Scientific, Edison, NJ). Conditioned media were concentrated 10-fold by ultrafiltration and mLIFR was then purified by Lentil Lectin-Sepharose (Amersham) followed by immunoaffinity chromatography using anti-FLAG M2 agarose (Sigma, St. Louis, MO), and eluted with FLAG peptide before being concentrated with a 10,000 MWCO centrifugal concentrator (Millipore) and purified further by size-exclusion chromatography using a Superdex 200 column (Amersham, Piscataway, NJ). The hLIF:mLIFR complex was formed by mixing equimolar amounts of receptor and ligand and concentrated to 10 mg/ml with a 10,000 MWCO centrifugal concentrator (Millipore) before crystallization trials. into a solution containing 10% extra precipitant, then transferred to a cryoprotectant solution further supplemented with 10% (vol/vol) glycerol. They were also subjected to limited dehydration by suspension over a reservoir containing stabilization solution supplemented with 40% glycerol, then mounted in a nylon loop and flash frozen directly into liquid nitrogen.
Diffraction data were collected from several crystals using a Mar225 Mosaic CCD detector at the SouthEast Regional Collaborative Access Team (SER-CAT) beamline 22-ID, Advanced Photon Source (APS, Argonne National Laboratory, Chicago, IL). The best crystal showed diffraction to 4-Å resolution. Data for this crystal were collected and processed with HKL2000 (27) (for statistics see SI Table 1 ). The crystal belongs to the space group C222 1 with two molecules of LIF and two molecules of LIFR in the asymmetric unit. The presence of a LIF:LIFR dimer was consistent with both peaks in the self-rotation function and a calculated Matthews coefficient of 5.3 Å 3 /Da corresponding to a solvent content of Ϸ76% (using the molecular mass of 19.7 kDa for hLIF and Ϸ90 kDa for glycosylated mLIFR from SDS/PAGE).
Initial phases were obtained by molecular replacement using the program MOLREP (28) using only the coordinates of human LIF derived from the crystal structure of the gp130: LIF complex (1PVH) (16) as a search model. Phases were improved by using density modification with solvent flipping implemented in CNS (29) . The subsequent density modified map was of sufficient quality to allow an initial polyalanine trace of both LIFR molecules (SI Fig. 5A ). Model building was hugely assisted by using the topology of the known structures of Ig and fibronectin domains from IL-6R␣ and gp130. Several rounds of map improvement and manual rebuilding using DMMULTI (30) and COOT (31) were then carried out using multiple NCS operators between individual hLIF and receptor domains (D1-D5).
Initially all data between 20.0 and 4.0 Å were used in all map calculations. After setting aside 5% of the data for cross validation, refinement was commenced with data 20-4.31 Å resolution and strict NCS-weighted restraints for each domain. Multiple cycles of torsional simulated annealing refinement using CNS (29) were followed by manual rebuilding with COOT (31) , where the presence of conserved disulfide bonds and numerous N-linked glycosylation sites clearly seen in the initial CNS solvent flipped map facilitated progress (SI Fig. 5A ).
Side chains for which no density was observed modeled as alanine. Further refinement of the structure using REFMAC5 (32) , with TLS refinement and NCS restraints, converged with R cryst ϭ 0.248 and R free ϭ 0.298. Refinement with additional (weaker) data to 4.0 Å resolution and some more carbohydrate, converged with R cryst ϭ 0.237 and R free ϭ 0.287.
The asymmetric unit contains an artificial hLIF:mLIFR dimer comprising residues 1-180 of hLIF, residues 7-486 of mLIFR and 21-24 sugar residues per receptor molecule. Validation of the final structure was performed with PROCHECK (33) and WHAT-CHECK (34), the final model having good geometry for a lowresolution structure with few Ramachandran outliers. Differences in LIFR interdomain angles are Ͻ5°except for D2-D3, which is 13°.
Modeling of LIF:LIFR:gp130
Complex. The coordinates of LIF for the gp130 (D2-D3):LIF complex (1PVH) (16) were superposed upon the LIF coordinates of 1 molecule from our structure using LSQMAN (35) (rmsd, 0.86 Å). Further superposition of the larger gp130 receptor fragment (1I1R) containing the D1-D3 domains was performed with an rmsd of 0.82 Å for the D2-D3 domains. The final model generated of the high affinity complex (Fig. 3) contains the coordinates of LIFR (D1-D5) from this work and coordinates of gp130 (D1-D3) and LIF coordinates from published structures. The N-terminal ''flap'' of LIF is involved in gp130 binding and is in an altered conformation in our structure, due to dimer crystal contacts; thus, the final LIF coordinates in the model are derived from 1PVH as this is likely to be more representative of the actual complex. None of the glycosylation sites interfered with construction of the model.
